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A significant amount of characterization will be needed at Hanford in the future to support remediation decisions and implementation of remedies. Due to the large volume of contaminated soil in the subsurface, geophysical characterization techniques may be desirable because they can provide data that directly estimates the spatial distribution of subsurface properties or contaminants. In contrast, many currently used techniques rely on discrete samples, and spatial distributions must be interpolated between the sample locations. In addition, the use of geophysical techniques will minimize the amount of intrusive characterization (e.g., boreholes) and the resulting waste management costs that will be needed in the future.
The choice of geophysical technology is site specific, and it may be useful to consider combinations of technologies and combined data analysis techniques as a means to enhance the characterization effort. Our analyses of the geophysical techniques, provides the following information for consideration:
• For characterizing contamination, there are technologies that may be useful for metals, other organics, and nonaqueous phase liquid (NAPL) contamination.
• Dissolved-and vapor-phase contamination are not readily characterized by geophysical techniques.
• Subsurface properties including stratigraphy, moisture, hydraulic conductivity, and porosity can be characterized with geophysical techniques. However, geophysical techniques are not as suitable for characterizing grain size, geochemistry, and flow patterns.
• In conjunction with the geophysical technologies for characterizing contaminant distribution and subsurface properties, widely available magnetometer and electromagnetic metal detectors are useful to identify cultural features that can affect the performance of geophysical technologies. 
Introduction
The purpose of this report is to summarize the state-of-the-art, minimally intrusive geophysical techniques that can be used to elucidate subsurface geology, structure, moisture, and chemical composition. The term "minimally intrusive" is used here to mean technologies that can be installed in the shallow (<0.3048 meter [1 foot]) surface, can use pre-existing monitoring wells, or can use inexpensive subsurface access.
The technology review focused on geophysical characterization techniques that provide two-or threedimensional information about the spatial distribution of subsurface properties and/or contaminants. As such, two-dimensional surface contamination survey methods or one-dimensional borehole geophysical techniques, such as neutron probes, were not included unless part of a tomographic array. The review also did not target technologies specifically for determining burial ground contents, although some of the technologies are applicable for that use.
Characterization Applications
Geophysical techniques encompass a wide range of different capabilities in terms of the type of information that can be obtained. Available information was reviewed to identify and describe geophysical characterization techniques that can be applied to (1) determining fate and transport properties and (2) determining contaminant distribution for near surface, vadose zone, and groundwater applications. Specific categories of application considered in this review are listed below: 
Technology Review
A number of geophysical characterization techniques were identified (Table 1) based on a review of literature and vendor sources. Appendix A contains brief description of these techniques. The technologies in Table 1 were screened to determine which were most appropriate for more detailed review. The criterion used to screen technologies was based primarily on consideration of the type of information provided. For instance, technologies that identify buried objects, while potentially useful for application at burial grounds, were eliminated because this report is focused on determining subsurface properties and contaminant distribution. Table 2 contains a listing of technologies that were not considered further in this report, but may be of use for other types of application at Hanford.
Technology information is organized into three basic categories of application to 1. characterize contaminant distribution 2. characterize subsurface property distribution 3. provide information to support the first two activities (e.g., identification of cultural features) Some technologies can be used for multiple applications and are described under more than one of the above categories. Within each category, technologies are also distinguished based on the platform for deployment (e.g., surface survey, subsurface sensors). Additionally, recommended technologies are highlighted within each category. Technologies are identified and reviewed in this report based on their functionality, not necessarily based on a specific instrument or vendor.
The geophysical techniques evaluated here can be used to characterize the distribution of chemical contaminants and/or the distribution of subsurface properties. No techniques were identified that provide minimally invasive (i.e., non-borehole) measurements of radioactivity in the deep subsurface (e.g., greater than about 1 to 2 meters [3.28 to 6.56 feet]). However, in many cases, the same techniques that can detect metals can also detect metallic radionuclides. There are also links between radionuclide and moisture/ chemical plumes, and the distribution of subsurface properties usually impacts the spatial distribution of radionuclides, so it would be possible to use multi-variate geostatistical methods (e.g., Goovaerts 1997) to estimate radionuclide concentrations between boreholes based on a combination of borehole measurements and subsurface geophysical data. Murray et al. 2001 ).
Horizontal Loop Electromagnetics (HLEM)
Primarily used in mining applications for deep conductive deposits, does not appear to provide advantages over other EM methods for work at Hanford.
MicroGravity and Traditional Gravity Surveys
Not sensitive to changes in sediment properties, stratigraphy, or contaminant distribution. May have limited utility at Hanford for mapping depth to basalt, but several sources of noise make this unlikely.
The following three sections contain technology information for the three categories of application described above. In each section, the overall characteristics of each technology retained through the screening are compiled in the first table in each section (Tables 3, 6 , and 9). The technology information under each category (columns) is either directly from the identified data source or, for state of development and cost categories, is based on an assessment by the authors. The state of development was assessed based on whether a technology has been widely applied (commercial -widely available), has had limited application (commercial -limited), or is still in the development stage (emerging -research) or where field applications have been primarily for testing purposes (emerging -deployed). For rating of cost, we used the geophysical price index (GPU) chart developed by Greenhouse et al. (1997, Figure 7-1) , which they based on comparison of daily costs to the daily cost of drilling a standard borehole. A modified version of their chart is included here as Figure 1 . High cost values were assigned to techniques with GPU values higher than 8, medium for GPU values between 4 and 8 (inclusive), and low cost values were assigned to GPU values less than 4. Techniques that weren't included in Greenhouse et al. (1997) , were estimated by comparison to techniques that were included based on knowledge of the similarities in deployment, infrastructure needs, and data processing required.
Additional detail about the technology functionality is presented in the second table in each section (Tables 4 and 7) . Again, information is either directly from the data source or based on an assessment by the authors. Under the capabilities category, information is provided that describes the relationship of capabilities to how the technology is applied (e.g., spacing of sensors) and provides, where available, the practical limitations of the capabilities (e.g., maximum resolution or depth of penetration). The data interpretation category is assessed based on whether a unique or non-unique interpretation can be obtained and whether the interpretation is simple or complex. The relative data quality category is assessed based on whether the data provided is directly related to the targeted property or contaminant or only provides information to infer information about the property or contaminant. More direct data is rated as high, and less direct data is rated as low. Data quality assessments also reflect the spatial resolution and accuracy of the geophysical data.
Based on the information compiled in the first two tables of each section, the third table in each section (Tables 5 and 8 ) presents the evaluation of each technology for the category of characterization application. Technologies were qualitatively rated as best, better, good, fair, or poor. This evaluation is intended to provide general guidance for technology selection based on an integrated assessment of the technology considerations and facts listed in the first two tables of each section. Some site-specific applications may require technologies with a specific capability or characteristic. For those applications, the information in the first two tables of each section can be consulted to assist in technology selection. 
Technologies for Characterizing Contaminant Distribution
Technology information is compiled in Tables 3 and 4 . An evaluation of these technologies is summarized in Table 5 . Often deployed with cross-borehole seismic.
Non-unique, data require extensive post-processing and inversion. Geology must be known to detect plume. 
Moderate to high

Technologies for Characterizing Subsurface Properties
Technology information is compiled in Tables 6 and 7 . An evaluation of these technologies is summarized in Table 8 . 
Supporting Technologies
Technology information is compiled in Table 9 . 
Conclusions
The state of the art in minimally intrusive geophysical techniques to elucidate subsurface geology, structure, moisture, and chemical composition described in this report can be used to (1) characterize contaminant distribution, (2) characterize subsurface property distribution, and (3) provide information to support the first two activities (e.g., identification of cultural features).
• For characterizing contamination, there are technologies that may be useful for metals, other organics, and NAPL contamination.
• In conjunction with the geophysical technologies for characterizing contaminant distribution and subsurface properties, widely available magnetometer and electromagnetic metal detectors are useful to identify cultural features that can affect the performance of geophysical technologies.
Brief Descriptions of Geophysical Techniques Ground Penetrating Radar
Ground penetrating radar (commonly called GPR) uses high frequency pulsed electromagnetic waves (generally 10 MHz to 1,000 MHz) to acquire subsurface information. Energy is propagated downward into the ground and is reflected back to the surface from boundaries at which there are electrical property contrasts. GPR is a method that is commonly used for environmental, engineering, archeological, and other shallow investigations.
• Surface radar -surface deployment for two-dimensional (2D) or three-dimensional (3D) mapping of subsurface reflections, radar velocities, radar attenuation, etc.
• Cross-borehole radar tomography -a borehole-deployed radar method using multiple shot and receiver locations in pairs of boreholes, which samples the subsurface over a large array of possible ray paths. Data recorded is direct arrival information rather than reflection data. Tomographic inversion of the amplitude and arrival data can provide detailed estimates of the subsurface properties between the boreholes.
Electromagnetic
Electromagnetic (EM) techniques rely on the induction of subsurface currents and magnetic fields that are used to estimate the electrical conductivity of the subsurface. EM techniques can be broadly divided into two groups:
• Time-Domain (TDEM) Instrumentation -TDEM uses two coils, a transmitter, and a receiver coil. The transmitter current, while periodic, is a modified symmetrical square wave. After every second-quarter period the transmitter current is abruptly reduced to zero for one quarter period, whereupon it flows in the opposite direction. The process of abruptly reducing the transmitter current to zero induces a short-duration voltage pulse in the ground, which causes a loop of current to flow in the immediate vicinity of the transmitter wire. However, because of finite ground resistivity, the amplitude of the current starts to decay immediately. This decaying current similarly induces a voltage pulse that causes more current to flow, but now at a larger distance from the transmitter loop and also at greater depth. This deeper current flow also decays due to finite resistivity of the ground, inducing even deeper current flow and so on. The amplitude of the current flow as a function of time is measured by measuring its decaying magnetic field using the small multi-turn receiver coil usually located at the center of the transmitter loop. By measuring the voltage in the receiver coil as a function of time measurement is made of the current flow and, thus, also of the electrical resistivity of the earth at successively greater depths. This process forms the basis of central loop resistivity sounding in the time domain.
• Frequency-Domain Instrumentation (FDEM) -Like TDEM, this technique includes transmitter and receiver coils. The transmitter current varies sinusoidally with time at a fixed frequency that is selected on the basis of the desired depth of exploration of the measurement (high frequencies result in shallower penetration depths). Several specialized forms of FDEM are commonly deployed:
A o Magneto-Tellurics -Natural or audio magneto-tellurics (AMT) determines the subsurface electrical resistivity distribution by measuring time-dependent variations of the earth's subsurface electromagnetic fields resulting from natural variation in the earth's electrical field (i.e., distant lightning), while controlled source AMT (CSAMT) measures the subsurface electric and magnetic fields resulting from input of high frequency, non-polarized, artificially transmitted electromagnetic waves.
o Terrain Conductivity -Terrain conductivity EM systems allow a rapid determination of the average conductivity of the ground because they do not require electrical contact with the ground as is required with DC resistivity techniques. However, the technique provides limited vertical resolution of differences in conductivity and usually is supplemented with a limited number of DC resistivity or TDEM soundings.
o Horizontal Loop EM -HLEM uses two coils with large separation distances and is primarily used in mining applications for identification of deep conductive metal deposits. The technique provides greater depth penetration, but with low resolution and can only detect relatively large differences in conductivity.
o Electromagnetic Offset Logging (EOLS) -EOLS is an EM method intended to allow 3D mapping of subsurface electrical conductivity. The method uses a source loop placed at a number of stations on the surface. For each surface station, the resulting electromagnetic field is surveyed using a large number of measurements in a nearby borehole, which must be cased with PVC and not steel.
Seismic
Seismic methods measure the transmission of mechanical vibrations (sound waves) through the subsurface and relate those to subsurface properties based on models for the transmission, reflection, and possibly refraction of the sound waves. The techniques use many different types of sources of acoustic energy, ranging from hitting a steel plate with a sledgehammer to very sophisticated explosives, electromechanical sparkers, and truck mounted vibrators. The sound waves are usually recorded in a series of geophones that may be emplaced at the surface or deployed in boreholes. The complexity and cost of efforts to record and process seismic data can vary enormously.
• Seismic Refraction -The simplest technique, seismic refraction uses surface deployed sources and geophones to record the first arrivals of seismic waves that have been refracted at a subsurface boundary. The technique can be used to map the depth to a subsurface reflector and the velocity within the subsurface layers above and below that reflector.
• Seismic Reflection -Surface reflection methods also use surface deployed sources and arrays of geophones; they record the seismic energy reflected from subsurface boundaries. The amount of energy reflected at a boundary depends on the densities and seismic velocities of the materials above and below the boundary. Advanced recording and processing techniques can be used to generate 3D images of stratigraphy as well as both sediment and fluid properties.
• Surface Vertical Seismic Profiles (VSP) and Tomography -Surface VSP involves the use of a surface seismic source and a string of geophones deployed in a nearby borehole. Primary use of the method is to provide better estimates of vertical variations in seismic velocity with depth. Recent studies suggest integrated use of surface VSP data with surface reflection seismic and cross-borehole tomography.
• Cross-Borehole Tomography -Cross-borehole seismic tomography is similar to cross-borehole radar. The method uses multiple source and receiver locations in pairs of boreholes, which samples the subsurface over a large array of possible ray paths. Data recorded is direct arrival information rather than reflection data. Tomographic inversion of the amplitude and arrival data can provide detailed estimates of the subsurface properties between the boreholes.
Direct Current Resistivity
Direct current (DC) resistivity techniques measure the electrical properties of the earth by driving a DC signal into the ground and measuring the resulting potentials (voltage) created in the earth. From these data, the electrical properties of the earth (the geoelectrical section) can be derived, and in turn, from those electrical properties, we can infer geologic properties. There are a wide range of techniques dependent on the electrode configuration and the modeling/data reduction software. These techniques can be broadly divided into two groups: (1) those using electrodes placed only at the surface and (2) those using electrodes emplaced in the subsurface via boreholes.
• Surface Based Resistivity o Traditional DC Resistivity -Traditional DC resistivity techniques use surface based (horizontal) arrays of electrodes to apply the current to the ground and to measure the earth voltage. The most commonly used electrode arrangements include the Wenner, Schlumberger and dipole-dipole arrays. These techniques can be used for both vertical electrical soundings (VES) to determine the depth to geoelectrical horizons, or for electrical profiling to map lateral changes and identify near-vertical features. o 3D Electrical Resistivity -Three dimensional electrical resistivity imaging (e.g. highresolution resistivity) is similar to electrical profiling, but uses more advanced modeling/reduction software to process the resistivity data to produce 3D or pseudo-3D images.
• Borehole Based Resistivity o Electrical Resistivity Tomography -Electrical resistivity tomography (ERT) uses multiple electrically isolated electrodes place in vertical arrays in a cross-borehole geometry, to produce relatively high-quality, high-resolution images. o Electrical Impedance Tomography -Electrical impedance tomography is similar to ERT but uses the magnitude and phase of the measured electrical impedance (which under D.C. conditions corresponds to resistance).
Complex Resistivity (AC) and Induced Polarization
The terms "complex resistivity" and "induced polarization" are used interchangeably. Complex resistivity is essentially a resistivity survey which uses alternating current (AC). The magnitude and phase of the voltage to current ratio is measured using standard resistivity electrode arrays over a range of frequencies. Induced polarization is a low frequency form of complex resistivity. Complex resistivity response is a plot of the complex apparent resistivity as a function of frequency. Variations in the A.4 response arise from pore-scale phenomena. Forward and inverse modeling can be performed and interpretation of the full range complex resistivity data can be quite involved.
Equipotential and Mise A La Masse
Equipotential or mise a la masse techniques measure the electrical potentials between electrodes (and/or a conductive body in contact with that electrode). When good or poor conductors are imbedded in a homogeneous medium between the electrodes, a distortion of the electrical field occurs. The shape of the equipotential lines typically mimic to some degree, the footprint of the conductive body.
Self Potential
Various electrical potentials occur around dissimilar materials in native ground or within the subsurface altered by human actions. Self potential techniques, measure the electrical potentials between a base electrode and a roving electrode placed in a grid or along a profile line. Interpretation can range from simple qualitative plots of the self-potentials, to complex computer modeling to resolve subtle interactions between temperature, electrochemical reactions and earth geometry.
Other
There are several remaining methods that do not fit into the geophysical categories described above.
• Surface Nuclear Magnetic Resonance (NMR) -Surface NMR, or surface proton magnetic resonance sounding (MRS), measurements are relatively new methods that can be used to indirectly estimate the water content of saturated and unsaturated zones in the earth's subsurface. MRS is used to estimate aquifer properties including quantity of water contained in the aquifer, porosity, and hydraulic permeability.
• Magnetic Methods -Many rocks and minerals are weakly magnetic or are magnetized by induction in the earth's field, and cause spatial variations or "anomalies" in the earth's magnetic field. Manmade objects containing iron or steel, e.g., steel drums, are often highly magnetized and locally can cause large anomalies. Magnetic methods are generally used to map the location and size of ferrous objects.
• Gravity -The intensity of the force of gravity due to a buried mass difference (concentration or void) is superimposed on the larger force of gravity due to the total mass of the earth. By very precise measurement of gravity and by careful correction for variations in the larger component due to the whole earth, a gravity survey can sometimes detect natural or manmade voids, variations in the depth to bedrock, and geologic structures of engineering interest. Precise and small-scale studies used for environmental and engineering processes are often referred to as microgravity studies.
